Many plant species have mating systems characterized by a mixture of self-fertilization and outcrossing. Statistical estimation of the outcrossing rate has relied on a model of the mating process that assumes that successive outcross events within a family arise from independent draws of pollen from the total population of male plants. Although this assumption is likely to be most appropriate for wind-pollinated plants, it is not appropriate in certain insect-pollinated plants. An alternative model is developed that assumes that successive outcross events within a family involve pollen drawn front a single male parent. The estimation of the parameters that index this model is outlined and a procedure for calculating the variances of the parameter estimates is presented. Monte Carlo simulations of the sampling processes assumed by each model are also presented. The simulations show that application of the incorrect estimation model to data can lead to a large bias in parameter estimates.
The mating system of a population determines how genetic information is transferred from one generation to the next (1) . Moreover, the recombinational potential of the population may be strongly influenced by the mating system (2) . Accurate information on the mating system in plant populations cannot be obtained through direct observation. This is due, in part, to difficulties inherent in tracing the flow of pollen among and within individuals. Plant population biologists have instead relied on methods to infer the mating system retrospectively from progeny genotypes. These methods use marker loci and statistical estimation (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . A common practice in mating system studies that use allozymic markers is to assay several progeny from single maternal (seed) parents and estimate the maternal parent frequencies from the progeny genotype distributions using, as a basis, some underlying statistical model of the mating process. This logistically simple method of sampling the population avoids problems associated with age-and/or tissue-specific expression of allozyme phenotypes.
In plant population genetics, one model of mating, the mixed-mating model, has held a central position in both theoretical and experimental investigations (7, 12) . There are several reasons for choosing the mixed-mating model rather than assuming random mating to describe the pattern of gene transmission in plant populations. First, inbreeding is common in many plant species and the random-mating model is, therefore, inappropriate. Second, the mixed-mating model is simple and requires the estimation of only one additional parameter, the outcrossing rate. Third, the assumptions of the mixed-mating model are reasonable descriptions of the reproductive biology of many species. Despite the wide utility of the mixed-mating model, it may fail to properly describe the reproductive biology of certain insect-pollinated plants.
Below we document this failure and then propose an alternative to the mixed-mating model that is appropriate when successive outcrossing events involve pollen drawn from a single paternal parent.
The Mixed-Mating Model
The mixed-mating model makes several basic assumptions (7, 19) . First, it assumes that mating events are of two types-random outcrossing with probability t and self-fertilization with probability s = 1 -t. It further assumes that the outcrossing rate is uniform for all maternal parents and that pollen genotypes are distributed uniformly over all eggs. Violation of the assumption of a uniform pollen genotype distribution may occur for a variety of reasons. For example, there may be temporal or spatial heterogeneity in the distribution of genotypes in the population (20) . Alternatively, there may be correlation among the outcrossed pollen types received by individual maternal parents (i.e., pollen is not drawn randomly from the entire pollen pool). In probabilistic terms, the assumption of random pollen sampling may be stated as Ip = Prob(GtJ.+1G1j) = tf(AiAj), where GW1 and Gjk+1 are the events that the kth and (k + 1)st eggs of a single maternal parent are fertilized by pollen from a male of genotype AjAj and where f(AiAj) denotes the relative frequency of males of genotype AjAj. When mating events are correlated, Ip will be greater than indicated by this equation. With complete correlation among mating events, Ip = i. In insectpollinated plants, correlation is likely to be a factor when the families assayed for marker genotype are collected from one, or a limited number of, multiseeded fruit. Specifically, if the pollen deposited on a stigma derives from one or a few previously visited plants, many of the progeny produced as the result of the outcrossed mating events will be full sibs. Spatial structuring of genotypes in the population may also contribute to correlation among mating events if it modifies the fertilization probabilities by the various pollen types (21, 22) .
Failure of the Mixed-Mating Model
In the common and ivy-leaved morning glories, Ipomoea purpurea and Ipomoea hederacea, two species of insect-pollinated plants bearing bne to many multiseeded fruits, the mixed-mating model has proven to be inappropriate as the basis for estimating mating system parameters (23 was selected at random with probabilities p and q, respectively. If selfed, pollen was selected at random from the maternal parent. Two hundred maternal parents and their progeny were sampled, yielding 1000 genotypes. Second, to generate family distributions resulting from complete correlation of outcrossed mating events, the procedure described above was modified so that, for a particular maternal parent, a single randomly chosen paternal parent served as the pollen donor for all outcrossed eggs. The families produced using the second method were otherwise generated in the same manner as in the first. We refer below to these two methods of generating family data as the "independence" and "correlation" methods.
After a data set was generated, the maximum likelihood procedure of Clegg et al. (12) was used to compute estimates of the maternal parent frequencies (Mjs), the frequency of allele Al in the pollen pool (p), and the outcrossing rate (t).
The outcrossing rate (t = 0.8) used in the simulations was chosen to represent the moderately high values reported for many insect-pollinated plants. Simulation-estimation trials were carried out 1000 times for family data generated via both methods described above.
Analysis of the results obtained from the family data simulated assuming correlated mating events reveals a significant excess of heterozygous progeny in families of heterozygous parents (Table 1) . This is consistent with the morning glory data (23) . Each family member receives a gamete from a common maternal parent. The second gamete is derived from the same maternal parent through self-fertilization, with probability s, or from a different parent through outcrossing, with probability t = 1 -s. We further assume that the genotypes of the potential pollen donors are distributed uniformly over maternal parents (i.e., there is no spatial or temporal heterogeneity in the distribution of pollen donor genotypes). The departure we make from the traditional mixed-mating model concerns the assumption of independent mating events. We assume that the conditional probability Ip = t. Consequently, all families are produced by one of nine different mating types. The conditional probabilities of observing the three progeny genotypes given the mating type are functions of t (Table 3) .
We denote them as 0ijk (i, j, k = 1, 2, 3), where 0ijk is the probability that the mating pair, consisting of maternal par (25) . The second part of the procedure involves the estimation of t. The progeny distributions are distributed into a 9 x 3 array in which the ijkth element, eijk, represents the total The test statistic is distributed as X squared with 5 degrees of freedom.
To find the lower-bound variance estimates of the parameter estimates t, Mj, and Pk, it is necessary to consider the complete likelihood expression for the outcome of a given experiment (the collection of family vectors). This likelihood can be formulated by noting that the total probability of observing the yth family vector N. = (nly, n2y, n3y) is here C is a constant representing the products of the multinomial coefficients from the probability expressions of the m families. The log likelihood is thus Distribution of estimated parameters for 1000 simulationestimation trials in which family data were generated by the correlation method and estimation was based on the one pollen parent model (see Table 4 for population values of parameters). Double differentiation of this expression with respect to the individual parameters yields the information matrix for a given experiment, from which the variance estimates may be obtained through numerical methods of matrix inversion (26) .
When the one pollen parent model is applied to family data produced using the correlation method, greatly improved estimates of the mating system parameters are obtained ( Fig. 2 and Table 4 ). In a separate paper, we will address the question of how well the variances derived via this procedure agree with the variances obtained by repeated application of the estimation algorithm to family data generated by Monte Carlo simulation.
Discussion
The independence and correlation assumptions represent extremes of a continuum. Nevertheless, the primary advantage of the two models is that they allow a complete and simple specification of how progeny genotypes are formed. Usually one of the models will provide a more accurate description of mating than the other and will therefore yield estimates velop from flowers that are open simultaneously, the opportunity for correlated mating events is greatly increased. In contrast, seed families collected from wind-pollinated plants with single-seeded fruits that develop from flowers open at different times should often conform to the independence assumption. It is of interest to note that the more successful applications of the mixed-mating model have been with wind-pollinated plants.
X tests associated with the goodness-of-fit of the estimated parameters to the data can be calculated as part of the estimation procedure associated with each model. As illustrated above, when the independence assumption is violated, estimation results based on the mixed-mating model are characterized by excess heterozygous progeny in families of heterozygous maternal parents. On the other hand, when the correlation assumption is violated, estimation based on the one pollen parent model leads to a bias toward inferring heterozygous parentage when the true parentage is homozygous. In fact, the estimate of f(A1A26) (=P2) approaches unity in most cases where the outcrossing rate is even moderately high (t > 0.5) (Fig. 3 and unpublished data) . These statistical indicators can be used to provide additional guidance in making an appropriate choice between the two models.
The notion that the seeds of any one fruit (or plant) may have multiple paternal parents has figured prominently in recent discussions of mate selection in plants (27) (28) (29) . It has been suggested that female sporophytic control, and competition between pollen tubes, may influence male reproductive success. Moreover, it has been reported that progeny that result from fertilizations involving more successful male Fig. 2 and Table 4. gametes have increased vigor (30, 31) . However, because estimates of the degree of multiple paternity are scarce, it is difficult to assess the opportunities for selection of mates through intergametophytic competition. Besides providing a basis for the estimation of mating system parameters, application of the mixed-mating and one pollen parent models may help to provide preliminary estimates of the degree of multiple paternity in certain plant species.
